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to follow Temkin behavior. The electrosorption valencey has been
evaluated from the charge and surface excess at constant potential and
found to be -0.49 to -0.59, depending on the potential.

Various mechanisms for the substantial changes in reflectance
attending the specific adsorption of anions are discussed. The ob-
served effects cannot be explained on the basis of changes in the
charge on the electrode and corresponding changes in the contribution
of the conduction band to the surface optical properties. The prin-
cipal mechanism is proposed to be modifications in the su-face elec-
tronic states of the metal electrode through direct orbital inter-
actions between the adsorbed anions and the metal.
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Reflectivitv-potential curves of gold in 0.8 M NaF, pH = 9.0
with various Br~ concentrations indicated in the curves * )\ =
500 nm, parallel polarization, angle of incidence 45°. Voltage
sweep; 10 mV/s, cathodic direction.

Reflectivitv-charge curves with (#) and without (0) Br~ present

in 0.8 M NaF, pH = 9. Charge obtained by integration of voltam-
metry curves. Charge and reflectivity expressed relative to values
at 0.00 V vs RHE. Optical conditions are the same as for Fig. 1.

Time dependence of the reflectivity change at 500 nm attending
adsorption of Br~ on gold following a potential step from 0.2 V
59 0.7 V vs RHE at various Br~ concentrations in 0.8 M NaF. The
right ordinate is the calculated value of the surface excess of
Br-.

Adsorption isotherms of Br~ on gold in 0.8 M NaF, pH = 9 evaluated
from the curves in Fig, 1.

Potential dependence of AR/R, and T for several concentrations of
Br~ which are indicated on the curves. These curves are obtained
from those in Fig. 1.

Charge as a function of the surface excess I' of Br~ adsorbed

on gold for various electrode potentials. Data evaluated from
reflectivity measurements and voltammetry curves. The electro-
sorption valencies and electrode potentials are indicated on the
curves.

Shift of potential of intersection of the two linear regions of
reflectivity-potential curves in Fig. 1 as a function of Br~
concentration. Other conditions the same as for Fig. 1.
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SPECULAR REPLECTANCT STUDTES OF BROMIDNIT ADSCRPTION ON GOLD

by
¥
Radoslavy AdZié , Prnest Yearer and B. D. Cshan
Chemistry Department

Case Yestern Necerve lniversity
Cleveland, Nhio Lh106, 1U,C.A,

ABSTRACT

Cnecular reflecctance changes have been Qsod to exanine the specific
adsorption of bromide on rold in the presence of a larfe excess of support-
inr electrolvte (NaT) which is not snecifically adsorbed. A linear rela-
tion has been demonstrated between the reflectance chanpes and the surface
excess of bromide through the examination of the tire dependence of the
reflectance under conditions where the rate of adsorntion of the bromide is
diffusion controlled and hence known. The adsorption isotherms have been
found to follov Temkin behavior. The elcctrosorntion valencey has bteen
evalunted from the charre and surface excess at constant potential and found

to be -0.49 t0-0,52, depending on the potential.

£

Various mechanisms for the substantiasl chanres in reflectance attending

the specific adsorption of anions are discussed. The observed effects cannot

be explained on the basis of changes in the charre on the electrode and
corresnonding chanees in the contribution of the conduction band to the
surface ontical pronerties. The principal mechanism is provosed to bhe
modifications in the surface electronic states of the metal electrode throurh

direct orbital in.cractions between the adsorbed anions and the metal.

*
Presented at the 25th ISl Meeting, Sept. 1974, Brighton, Enpland

* K
Present Address: Institute of Chemistry, Technology and

Metallurgy, Belgrade, Yuposlavia.
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THTDODCTTON

Te adsorntion of ions on electrode surface is attended by suligtantinl
chanren in the srecular reflectivity (1) and the cllinsometric parsrcters
(P). These chanres can be used to determine the adsorption isothermsz pro-
vided the reflectance chanfes can be shown to be direcctly a measurc of the
concentration of thece ions in the dou“le layer. Tn rost prior reflecti-
vity studies of ionic adsorption, insufficient evidence for such a direct
relation has been presented.

The purnose of the present paver is to present such evidence for tromide
adsorntion on gold clectrodes and to use the reflectance chanfes to evaluate
the adsorntion isotherrms. For a surmary of prior studies of ionic adsorp-
tion using specular reflectance and ellipsometry, the reader is referred to

the revievs of MeIntvre (3) and Blondeau and Yeager (I).

PACYGROUTID

Consider the addition of a svecifically adsorted ion to a solution
containing a non-specifically adsorbed sunporting electrolyte with the no-
tential of the vorkine electrode held constant relative to an invariant
reference electrode. The chanre in reflectance nay te divided into three

contritutions; i.e.

AP a AR, + AR, + AR (1)

1 3

vhere APl arises fron the ionic snecific adserption, AR, is caused by

l
chanres in the remainder of the ionie doutble laver and AU3 from the re-
fractive index chance of the bulk solution. The first term is of princi-
pal interest since it carries the iniormation concerning specific adsorp-
tion. The last tennAV3 is very small and can be eliminated from the

measurerments by the optical procedure deseribed later. Thie then leaves

the quection of the relative irportance of the A", term.

LM




i i i 1o anrree 4 tor 'olm--
In most instances, the intrinsic optical chanres in the outer l'els
% % ¥ exy (] e hr > LA 3 .'1!’!:"1.‘.
holtz »lane and diffuse double laver are exnected (5) to have only a

i wociated wi he anpes in
effect on the reflectance and AR, will be associated with the clanpes in

«

the charre on the electrode d"ﬂ: 2Bl

1

- = + (z + A)(n )ao (”)
_dnm = dndl do a1 ( N s)(

vhere da is the differential change in the total double layver charge,
‘here da,, is tl

3 Y 3 ) 1l Ly " . '
ﬁvx' is the corresvonding chanre excludinpg the inner Yelmholtz plane, n,.
AT 3 e &
is the saturation surface concentration of the specifically adsorted ion,
i e g and A are defined by
0 is its fractional coverare and z anc are f 1

P B R R e (3)
.. “ad e

: - s an inter-
wlhere ) corresponds to the electronic charre transferred across the inter
face from the metal to the adsorted species and cannot te directly deter-

]
i i : S ot i T 9
mined. The differential charre provided through the external circui i

is related to dgq throurh the ecquations:
; : m

dq' = dq + AFn d6
qm qﬂl s (h)

o -dq.dl- 7.F‘nsde (s)

The specifically adsorbed ions in the inner lielrmholtz vlane can pro-
duce the chanpe A"\l a0t only by chanres in the charce on the metal q, but
also by dircet orbital interactions with the electrode surface. The in-
trincic optical proverties of the inner llelmholtz laver also are rodificd
althourh this contritution to AW] is usually smaller than those Just eited <«
particularly if the light is parallel polarized and near the psuedo Provater

anrle ("5°) for this plane.




Cn the Liasis of these considerations, the differentinl reflectance
changes can bie expressed as:
7 | [
dR 1 9 R AR -
(__:3 =I_IL<(__ 48 + '5;. a1 ()
\ R E R 20 /.. il :
vhere f\'zi,3 in eo. 1 has been omitted. To use reflectance changes to evaluate
0 wvithout complications reaquires that the reflectance changes te proporticnal
i e . Al
to 0. Inspection of eq.6 indicates that this reauires [ -=- 1 to be in-
1
1 q1
dependent of 0 and the second bracketted term to be either verv small combared

1
to the first or for the changes in q al to be directly proportional to the

chanres in 0.

EYPFRIVINTAL APPROACH

The specular reflectance of the rold electrodes has teen followved during
linear sveep voltarmetry with and without Br~ in 0.8 M Maltag A
suprortine electrolvte., The change in relative reflectance (A”/Q)V produced
bv the addition of thelwomide has “hen been calculated from these data for

a riven potential T from the expression

<A5> : (”T"% g CE‘R° (1)
Ro E RO" C Ro C=

0

vhere ¢ is the bulk concentration of the halide jons and “o ies measured at a

nerative potential where halide adsorption is expected to be nemlicible.

T™ie “rranrerient cancels out AR3 and also elimrinates anv error asrociated

with durlicatings absolute reflectivities from run to run.




he chanres in charpe produced by Br™ ions at 2 piven potentinl have
been determined by interrating the voltammetry eurves from nerative poten-
tinls vhere Rr~ specific adsorption should te neplipgible to the particular

potential with and vithout Br~ ions present. Twvidence that the reflectance
chanpes are directly proportional to the spccifically adsorbed halide in the
rrecence of a supporting electrolyte has been ohtained bx measuring the de-
rpendence of the reflectivity on the total surface excess of bromide T at con-
stant notentinal. The surface excess has been determined by stevping the po-
tential from a value at vhich specific adsorption is negligible to a value

at vhich specific adsorption occurs under conditions where the adsorption of
halide is under pure diffusion control. The values of I' then have been

calculated from the diffusion coefficient and bulk Br~ concentration using

the Cand eaunation,

FYPERT'THTAL DETAILS

The cylindrical ontical electrochemical cell and associated optical
svatem have 1een described elsevhere (£,7). All reflectance measurements
were made with parallel polarization at an angle of incidence of Ligo,  Mie

intensity of the reflected light was measured with a llapamatsu R~3Th

photorultiplier with the d.c. signal amplificd and measured directly on an
Y-Y recorder durins the linear potential sweeps and also following the
potential step in the experirents directed at establishing the relation-
shin beticen ﬁR/PO and T, A Venkinr potentiostat was used to contiol the
potentinls.

The solutions involved 0.8 M NaF as the suoporting electrolyte with

small additions of llalr. The pli of the solutions was adjusted to © throurh




addition of small quantities of purified carbonante Cree Na0nll The colu-

«

ions vere prepared from Alfa Inorsanies ultra pure HaP torether with trir Ly

distilled water.

Mhe wvorkine electrodes were bulli ¢0ld plates of 00,007 murity. The

electrodes vere polished first with abrasive papers and finally» with

aluwnina powders of decreasing varticle size 0.5 y down to 0.0F u). Art

A o
polishing, the electrodes vere washed vith 10 ! KOF and concentrated 11N
anAd

1d then rinsed and stored in triply distilled water.

The counter electrode consisted of a hvdroren-caturated nalladiurm
plaete, rmounted parallel to the working electrode at a distance of 2 em,
Just outside the optical path. The reference electrode (RE) was an a-Pd¥H
Yead of 1 mm diameter mounted on the end of a fine rlass tube with the
center of the bead located typically at a distance of 0.5 rm from the
vorking electrode, ocutside of the optiecal path.

Mitrogen ras, purified by passing it over treated copper turnings
and then throurl molecular sieves (Linde hA and 13¥), was bubbled throurh
the solution tefore neasurerments to remove dissoved 0, and a H? atmospherc
2 2

raintained above the solution during the measurerments. 211 recsurerents

were carried out at room temperature (22° C).

RUSULTS ARD DISCUSSINN

"ffects of Pr- Adsorption on Reflectance
Firure 1 shows the effects of additions of varyins mrounts of I'r” on
the reflectivity at 515 nn in 0.8 1" MaF with the solution adjunted to

pl = 0.0 These curves were obtained by first adjusting the potential to




the rmost anodic value and maintaining it there for yﬁt s to atlain ad-
sorntion equilibrium. The notential vas then svept in the cathodic di-
rection at 10 rV/s, The reference notential for Ho in ea. T vas -0.0 V
vs RIE, which is sufficiently cathodic that no anions should be specifi-
cally adsorbed.

In Fifg. 2 is a plot of the reflectance vs charpe q'm, obtained from
intepration of the voltarmetry curve with and without Pr~. The larre
increrent - in sclope attendin~ the specific adsorpticn of bhromide and the
linearity provide ecvidence that the reflectivity chanres are proportional
to the amount of specifically adsorbed bromide. This plot also indicates
that the reflectance changes attending the svecific adsorption are not
Just a matter of the change in the charge on the netal Anm. Althourh Aap
is not known, the charge supnlied through the external circuit Aq'm during
the specific adsorption of Br~ represents an upper limit for Acn since vy
in eq. I should be vositive. Thus the plots for AR/R vs nn with and without
Br~ present would not superirmpose and, in fact, can only differ more.

Fimure 3 indicates the time devnendence of the reflectivity following
the stepving of the electrode potential from 0.20 V to 0.70 V vs RHIl, The

1/2

linearity of the A?/WO vs t shows that the process is under diffusion

control. This linearity also verifies that there is a direct vroportion

betveen Aﬂ/WO at a riven voltare and the total surface excess concentration
of Br= (T'). Uith a larre excess of a non-specifically adsorbed supporting
electrolvte (0.8 ' 1a¥), T consists almost entirely of the specifically ad-

sorbed anion. TFurther, using the Sand equation, it is possible to calculate

the values of T as a function of time and then to determine (hR/RO/UF)F; de B

]




@r/ae), = CO(D/M)]’/Z (8)
I'=2 Co(Dt/W)l/z (9)
‘ e \
1 /AR 1w\ / aR
and R k?s’r‘ "3 (D) :""‘"‘1/2\,- (10)
o E o \ ot /E

This assumes that Pr~ diffusion layver udjncent to the electrode does not
have any sirnificant direcct optical effect on the reflectivity - a prood as-
sumption, particulsrly for parallel vpolarization at 45° (near the Prevcter
ancle for such a laver). The right hand ordinate in Fif. 3 has becn cnl-

culated using a value of D = 2,08 ¥ 1")_5 cmg/s (8) in eq. 2.

Adsorption Tsotherms

Firure b shows the adsorption isotherms for bromide on An at various
rotentials as obtained from the reflectivity measurements. The rirht hand
ordinate indicates the values of T evaluated from AW/PO using the value of
(l/”o)(AP/AF)E calculated with eq. 10 from the data in Fig. 3. The lincority
of the AR/NO or T vs log CBr' plots indicates that the adsorntion of PBr~ obeys
the Tem¥in adsorption isotherm over a wide ranpe of concentrations and poten-

tials. o saturation coverare was found even at the most anodic potential

involved in these exveriments. The isotherms at various potentials have
the same slope wvhich means that the Temkin perameter is independent of
potential.

The AR/PO and T vs F plots are shovn in Tipg, 5 for severnl Pr~ con-
centrations. The linearity is in agreement with Temkin behaviour. The
dashed line corresponds to the T' values for Br~ adsorntion on Au by Paik

et al. (0) using ellipsormetric data. Vhile their data also indicate Temlin




tyne behavior, the slove in quite different, This is nol surnrisine since
these worlters caleulated the eauivalent of T from the ontical propertics of
the doulle layer withoul considering the effects of the adsorlied ions on
the surfacc oplical prronerties of the metal side of the interface.

“lectrosorntion Yalence

. 1
The electrosorption valence Y can be calculated from the T vs q

n
dats in the vresence of a supporting electrolyte vith the expression
'
d
e (11)
1 ol

E

with the assumption that T is a good approximation for the surface con-
centration., Figpure 6 presents plots of q'm vs ' for several voltages. The
values of Y range from -0.49 for 0.5 V vs RHE to ~0.59 for 0.7 V vs RHE,
Taking into account the experimental scatter of the data, the electrosorption

valence does appear to increase with electrode potential. The values of
Y ¥ -0.5 are larger than reported for Br on mercury (10), which sucgests
that the interaction of Br~ with Au is larger and involves a significant co-

valent bond contribution and not just ionic character.

The Teml:in isotherm may be expressed in the forrm

My ® AME) + (1/p) In Cppe (11)

where the function A(I) is piven by

AGT) = A+ (—)E (12)

1m
p

accordins to Parotzky et al. (11), and p is related to the Temlin para-

) : N .
reter f_ need by these authors Ly £l = ﬂ/(nnr)” vhere (nHr)" is the satura-

8 o

tion coveragre. Assuring T = n_  to be a rood approximation, then

B




- 10 -

~ Y L

a9k [.‘ PR Bl (13)

\ : 91nC “C
| /lnCy 2 q,/bldnr> ¥
D e RT

B

, Accordinpg to Schultze and Vetter (10), however.
1nC :>
Br F
oL P ™ Tpi (14)

vhere v is the electrosorption value for measurcrents carried out with a
larpe excess of sunporting electrolyte. The exnerirental value of
= -9 2 o :
(3 lop CBr_/WL)r evaluated at T = 0.6 x 10 ~ moles/cm” from Fip. h ig
18 decades/V as compared with a valuc of 17 decades/V from eq. 13. Since y

is numerically ruch less than unity, the potential and concentration de-

pendent terms in the exverirmental adsorption isotherm seem in conflict
with the expected behavior taking into account the electrosorntion

valency.

Determination of T4C

Takamura ct al. (12) have suprested that the intersection of the twvo

linear regions in the AR/?O vs I' curves may indicate the point of zero
charge. They found the addition of iodide to a Maflll solution to shift
this intersection by ~€O rV/decade and interpreted this in terrms of the
Esin-Markov effect. Ffimilar behavior has bheen found in the present study
unon adding Br~ with Nal" as the supporting electrolyvte. The nlot of

this potential vs log C in Fig, T indicates linear Y.ehavior over

Br~

three decades with a slope of 57 mV/decade.

Difficulty has been encountered in findinpg literature values for Epzc

for Au under conditions cormmarable tothose in the present study. For Au

L 2 : *
in 10°° M Nalr 4+ 0.8 M Na¥, the reflectivity measurcments indicate Ln?c




Hal

vs VHE as

compared with a value of -0,10 V vs

tion of reflectiviiy measurements to the pze are needed

can he

Dincuscion of Mechanism TI'or Peflectivity

considered

Adsorntion

The chanre of reflectivity produced

contributions

3 8

N

Chanres in

fully confirmed.

Chanres Attendine Tonic

e}

CVE, for a 107" M

I'r colution revorted by Podé et al. (13). Turtlier studies of the rela-

before thic approach

Onecific

from various sources:

by anion adsorntion mav involve

the charre on the metal nn and hence changes in

the contribution of the conduction band to surface ontical

pronertics
and Aspnes
Chanfes in
chanres in

For metals

as described in the treatments of e.p. MeIntyre

(14,15) and Garrigos et al. (16).

the susface plasmon contributions (h) arising from

the dielectric vproperties of the interface.

involving interband transitions, changes in the

electric field venetration into the metal and hence pos-

sibtle electroreflectance effects associated with the bending

of the top of the valency band over distances into the metal

of the order of the Thomas-Fermi screenings di

-
o

tance (17,18).

Modifications in the surface electronic states of the retal

electrode through direct orbital interactions betveen the

adsorbed species and metal; i.e., bond formation. Flectron

transitions may also occur between these localized surface

states and the conduction band as sugpested by Cahan et al.

(1T).




#

). Chanres in the ontical rroperties of the solution layver inme-
dintely adjacent to the electrode surface bhecnuse of renlace-
ment of some solvent molecules by ions and modificntions in
the structure of this layer.

It is difficult to establish vhich of these mechanisms are predomi-
nant in tﬁe present reflectance-ionic edsorption studies. On the tacnis
of the Ctedman calculation (%), mechbanicm 5 avpears unlikelv in vievw of
the exnerimental conditions (p-polarization, 45° anrle of incidence) and
the larre marnitude of the effect. !Mechanism 1 alone does not appear
canable of explaining the observations discussed earlier in conjunction
with Tig. 2. The imare charres induced by specifically adsorbed ions,
howvever, need to be taken into account, as pointed out by McIntyre and
Peek (19), end mipht lead to enhancement of the charpe rodulation reflee-
tivity coefficient (1/R_)(3R/3qa_).

o n

The authors favor mechanism b as predominant but the evidence is
wveak. There is little auestion that the bondins of the "r to the surface
has come covalent character. Such orbital interactions should produce re-
latively larre chanpres in the optical constants of the surface. The even
more pronounced rcflectivity chanpes produced by T™ adsorption on Au (20)

provide evidence that localized orbital interactions are important.

The dependence of the reflectance charzes on type of adsorbed ion,
wvavelenrth and metal will help to resolve the ocuestion of mechanicm.
Some data of this kind are alrecadv available but more is needed. Tn the
meantime, it is very imnortant that electrochemists using reflectance
and ellipsonmetrie methods to evaluate the adsorption isotherms and kin-
etics demonstrate a linear relation betuveen these optical quantities and
the extent of adsorption. While linearity was found in the present study,

this is not necessarily true in penernl.
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